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Abstract. The adoption of 2007/60/EC Directive requires calculated through stage—damage curves, starting from cen-
European countries to implement flood hazard and flood risksus data on building type and function, for the main cate-
maps by the end of 2013. Flood risk is the product of floodgories in the study area: structures, household contents and
hazard, vulnerability and exposure, all three to be estimate@&ommercial contents. This method is tested in the area of the
with comparable level of accuracy. The route to flood risk St. Croce district in Florence, one of the most seriously af-
assessment is consequently much more than hydraulic modected in the famous 1966 flood.

elling of inundation, that is hazard mapping. While haz-
ard maps have already been implemented in many coun-

tries, quantitative damage and risk maps are still at a pre-

liminary level. A parsimonious quasi-2-D hydraulic model 1 Introduction

is here adopted, having many advantages in terms of easy

set-up. It is here evaluated as being accurate in flood deptﬁloods are one of the main natural disasters in terms of losses
estimation in urban areas with a high-resolution and up-to-of human life and economic damages. The 2011 flood in
date Digital Surface Model (DSM). The accuracy, estimatedThailand for instance, caused 40 billion dollars of overall
by comparison with marble-plate records of a historic flood l0Sses; the 2002 flood in central Europe, 16.5 billion eu-
in the city of Florence, is characterized in the downtown’s oS (Munich RE, 2012). In the European Community (EC)
most flooded area by a bias of a very few centimetres and &ountries it has been estimated that in the 1970-2006 pe-
determination coefficient of 0.73. The average risk is foundriod the average annual flood loss was about 4 billion dollars
to be about 1€ m~2yr—1, corresponding to about 8.3% of (Barredo, 2009).

residents’ income. The spatial distribution of estimated risk ~With the 60/2007/EC directive, European countries have
highlights a complex interaction between the flood patternt® implement hazard and risk mapping to develop a district-
and the building characteristics. As a final example applica-Scale risk management plan; in Italy about 45 % of the mu-
tion, the estimated risk values have been used to compare difiicipalities are at high hydro-geological risk (Ministry of En-
ferent retrofitting measures. Proceeding through the risk estiVironmental, 2000), so flood risk mapping has a strategic role
mation steps, a new micro-scale potential damage assessmdRtflood prevention and risk mitigation measures. In Europe
method is proposed. This is based on the georeferenced cef1any studies on the impact of the climate change show that
sus system as the optimal compromise between spatial detaf0mMe regions are prone to a rise in flood frequency such as
and open availability of socio-economic data. The results offorthern and north-eastern Europe (Lehner et al., 2006) and
flood risk assessment at the census section scale resolve m@§t@ continental level 18.7 % of the territory is exposed to
of the risk spatial variability, and they can be easily aggre-high flood hazard (Lugeri et al., 2006).

gated to whatever upper scale is needed given that they are Flood risk is commonly defined as the product of flood

geographically defined as contiguous polygons. Damage ibazard, vulnerability and exposure. In the present study the
vulnerability is considered as the expected degree of damage
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experienced by an exposed asset between 0 and 1 (tot#hat can easily stack and form temporary obstructions to the
destruction) as in Luino et al. (2009), Oliveri and San- flow itself.
toro (2000) and Su et al. (2005). Flood risk estimation re- The advantages of a “classical’” 2-D model over a more
quires the quantification of all the above three componentsparsimonious one can be strongly reduced if other simplifi-
Fully quantitative approaches enable one to understand theations are required for their practical implementation, such
cost-effectiveness of flood protection measures and helpas a steady-state approximation (Ernst et al., 2010) or an up-
municipalities and public institutions in allocating proper re- per bound to the computational nodes. 2-D hydraulic models
sources to face the emergency and recovery phases of flodtave usually been adopted in portions of sparse urban areas,
disasters. providing reliable results after calibration studies (Mignot et
Identifying flood prone areas, usually the first step in flood al., 2006; Apel et al., 2008; Ernst et al., 2010; Schubert and
risk studies, requires the implementation of hydrologic—Sanders, 2012; Hunter et al., 2008).
hydraulic models that enable one to quantify the evolution of  For the present case study many problems arise in the set-
a flood and its hydraulic representative variables (e.g floodup of a 2-D model. First of all the computational costs, which
depth and velocity). Hazard maps resulting from hydraulicare recognized as the major drawback of 2-D models per-
models usually show potential flood extent, water depth andormed with a fine grid size (Begnudelli et al., 2008; Apel et
sometimes velocity for predefined low, medium and highal., 2008; Chen et al., 2012). A grid size of 1 or 2m is gener-
probability levels. ally considered as unavoidable to describe the street pattern
The sustainable complexity of a model depends on theof many urban environments, especially when historic cen-
amount of available data and computational resources. Floottes are included, and may lead to long simulations.
propagation in urban areas is clearly bidimensional, with pe- Other difficulties emerge in the definition of the compu-
culiar features that depend on the complex interaction betational mesh. The structure of the mesh requires an appro-
tween the flow and the streets/buildings pattern, especiallypriate use of the DSM in order to represent consistently the
when the urban texture is very dense as in many historic towrbuildings/street pattern (Schubert and Sanders, 2012; Chen
centres. et al., 2012). To give an idea, the historic centre of Florence
In many cases 1-D numerical models are considered ag characterized by narrow and irregular streets (about 3m
adequate for the estimation of flood water levels in riverswide) that are fundamental to the flood propagation dynamic
with regular flow patterns and as the preliminary identifi- but difficult to describe even with a 2m grid. As panel b in
cation of inundation zones (Apel et al., 2004; Messner andrFig. 2 hints, the DSM is affected by a number of artifacts
Meyer, 2005b; Messner et al., 2007). When there are morghat may introduce strong distortion in the hydraulic connec-
complex river geometries and inundation flow patterns aretivity of the street pattern. In many cases some areas seem hy-
relevant for the precise mapping of local parameters, the usdraulically disconnected where the streets are so narrow that
of 2-D model becomes unavoidablei@ele, 2006; Apel et are hidden by the roof eaves, or the presence of parked ve-
al., 2008; Ernst et al., 2010). Diffusive full 2-D models are hicles or other temporary objects form unrealistic obstacles
potentially more accurate than 1-D or quasi-2-D models, butto the flow. The restoration of the representative hydraulic
they are more difficult to apply systematically to large areasconnections may then require a quite complex and subjective
if only traditional elevation data are available. They require manual filtering of the original DSM.
two crucial pieces of information to achieve their potential Finally, the absence of an adequate set of data for the
accuracy: the detailed topography of the flow domain, in-model calibration may be a further obstacle to the use of 2-
cluding buildings and infrastructures, and its representativeD models (see Sect. 4.1). This last question is crucial in the
roughness. Lidar-based aerial surveys generate high qualitgssessment of the reliability of the hydraulic model and also
topographic data and enable one to obtain a complete, hign the benchmarking of different approaches. The combina-
resolution (e.g. order of 1 m nominal spacing or even less}ion of a 1-D model for the main river channel flow and a
and up-to-date digital surface model (DSM). Recently, this2-D model for the inundated areas is recognized as a good
kind of product has become increasingly available also incompromise between complexity and accuracy. Shallow wa-
dense urban areas, so in this respect the problem is no moter equations or their diffusive wave approximation are the-
in the data availability, it is rather in the computational dif- oretically optimal choices for the 2-D part, but the use of
ficulties, resolution and structure of the computational grid,storage cells (Bates and De Roo, 2000; Huang et al., 2007,
related to the streets/buildings pattern. The determination oHorritt and Bates, 2000) has been also proposed when the
roughness coefficients also needs an accurate and high reabove difficulties arise.
olution land use database, to be eventually augmented with A quasi-2-D model with storage cells, even if potentially
the increase of friction due to irregular topography (Ernst etless accurate, is less computationally demanding. It also re-
al., 2010). Here again the problem lies in some peculiaritiesquires, but with a simplified treatment, the same data of a full
of the urban environment, such as the interaction of the flon2-D model: a number of cross sections for the river stream,
with various types of debris (vehicles, street furniture, etc.)a DSM and a limited set of conceptual parameters for the
hydraulic links among storage cells. For example Bates et
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al. (2000) (LISFLOOD), uses conceptual channels to trans-existence of accessible information on the economic values
fer flow from one cell-node to the adjacent ones. Filtering of of exposed assets.
the DSM may be limited to what is needed to estimate unbi- For flood risk assessment in urban areas one crucial is-
ased stage—storage curves for each cell, regardless of detailsde at the moment is the pursuit of an adequate and signifi-
hydraulic connections. cant scale of analysis supported by adequate information-rich
The route to flood risk assessment is much more thardatabases at the same level of spatial detail.
hydraulic modelling of inundation, which is hazard map- Given the above state of the art, the main purpose of the
ping, and it may be logically subdivided in five legs: hy- present study is to demonstrate the feasibility of a micro-
drologic modelling, hydraulic modelling, damage modelling, scale flood risk mapping methodology with a balanced accu-
economic analysis, and risk evaluation. racy and spatial detail of the various estimation steps. Look-
Currently we can implement high accuracy hazard mapsng at systematic applicability as a required characteristic of
but damage estimation is affected by large uncertaintiegshe methodology, this means searching for parsimony in the
(Merz et al., 2004) and needs substantial improvement irhydraulic modelling part and exploiting the maximum infor-
the complex analysis of vulnerability (Van der Veen and mation content from standard socio-economic databases in
Logtmeijer, 2004), exposure and economic value (Messnethe following damage analysis steps.
and Meyer, 2005a). That is why in Europe many different A quasi-2-D model where the urban flood prone area
flood maps are available (van Alphen et al., 2009), suchis represented by a system of related storage cells is here
as flood extent maps and flood depth maps, but flood riskadopted, thus avoiding the need of intrinsically uncertain de-
maps have not been developed yet in most of the countriegermination of the roughness map and of the cumbersome
(Jonkman et al., 2008). definition of computation grids. Moreover, as described in
Flood damages are commonly classified into direct and in-Sect. 2, the hydraulic scheme can be easily implemented with
direct. The direct damages are due to the physical impact o0bff-the-shelf public domain software models, while making
the water with people/objects, the indirect damages are inmaximum use of modern lidar based DSM products. Sec-
duced by direct ones and occur outside of the flooded aredion 3 describes a new micro-scale damage analysis proce-
These damages can be further classified into tangible andure, based on the proposal of the census section as optimal
intangible damages depending on the possibility to mone-compromise between spatial detail and systematic availabil-
tize them. Generally flood risk studies focus on direct tangi-ity of required socio-economic data. Feasibility and perfor-
ble damages, because other damages, especially if intangibleance of the various steps are assessed in Sect. 4, where
(e.g. loss of life, interruption of public services, trauma, etc.), the methodology is applied to the St. Croce area in Florence,
are difficult to assess. one of the most seriously affected in the famous 1966 flood.
Damage models are usually developed at macro- (e.g. ato further demonstrate the usefulness of quantitative micro-
regional level with municipality detail) or meso-scale (e.g. at scale flood risk mapping, the results are used to evaluate the
municipal level with raster mapping at order of 100 m resolu- economic convenience of building retrofitting measures in
tion) using land use databases such as CORINE (Coordinahe area.
tion of Information on the Environment) and/or MOLAND
(Monitoring Land Use/Cover Dynamics; Genovese, 2006;
Apel et al., 2008) and regional statistics (Lindenschmidt,2 Quasi-2-D hydraulic modelling
2006; Su et al., 2005); the few studies on micro-scale (e.qg.
with the detail of the main streets/buildings pattern) flood Once the flood scenarios are known after the hydrologic anal-
damage evaluation are more recent, and the main difficultyysis, the hydraulic model is the second module of the risk
in the methodologies proposed so far is their reliance onassessment procedure followed by damage modelling, eco-
privately-owned economic data in addition to georeferencechomic analysis and risk evaluation. This second step should
land registry data (Ernst et al., 2010; Elmer et al., 2012). Ex-produce the flood depth maps required to evaluate the per
isting potential damage models (HAZUS,Hazards US; FLE-cent damage through stage—damage relationships in the sec-
MOps, Flood Loss Estimation Model for the private sector) ond step. Once coupled with maps of exposed monetary val-
use stage—damage curves to merge water level and land uses, the flood risk can be finally estimated taking into ac-
maps into potential damage maps. Libraries of stage—damageount the different probabilities of the simulated flood sce-
curves can be created, at meso or micro-scale, collecting dataarios (Fig. 1).
after flood events or synthetically by experts (Oliveri and Taking into account the above risk estimation procedure,
Santoro, 2000; Luino et al., 2009; Genovese, 2006; ICPRthe hydraulic model adopted here is composed by two parts:
2001; Kang et al., 2005; Penning-Rowsell, 2003; Kok, 2001;1-D unsteady flow model for the river and a quasi-2-D stor-
Reese et al., 2003; Dutta et al., 1998). Other current problemage cell model for the urban flood prone area. This model is
highlighted in these studies are the completeness of spatia refinement of the current instrument for flood hazard map-
coverage of most single-building databases, the local repreping in the Arno river basin (PAI, Arno River Basin Author-
sentativeness of predetermined stage—damage curves, and tity 2002b), which now includes the DSM for the detailed
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Fig. 1. Main flow chart for urban micro-scale flood risk assessment.

(streets/buildings scale) representation of the flow domaindescribed in Sect. 2.2. The standard broad-crest weir flow
The DSM of the study area is derived by lidar data with krig- equation is used to compute water movement along the cells
ing and it is characterised by a horizontal resolution of 1 msystem:
by 1 m and a vertical accuracy of 0.15m. ) .

Qr=cdL-(2g)2-(z—ho)2, (3)
2.1 Model construct

whereg is gravity, L is the equivalent length of the spillway
The computation of the flood propagation and correspondzrest i (m) is the weir crest elevation ardis the discharge
ing water profile along the river(s) is performed through a constant taken equal to 0.35.
standard solver of the 1-D general equation of unsteady flow, \when the downstream head on the waithg is larger

such as the one provided in the well known HEC-RAS (Hy- than 0.67z — ), the flow on the weir has a backwater effect
drologic Engineering Centers River Analysis System) pack-and Eq. (3) is transformed into

age.
The quasi-2-D hydraulic model for the floodplain consist Q; = [c1(zd — ho) + c2(z — zd)] V28 (z — zd), (4)

of several storage areas (cells) whose effective geometry is

estimated from a meter-scale DSM. Buildings are, by defaultWherec; is 0.65,cz is 0.4,z4 is the downstream water eleva-

considered as waterproof blocks. A certain level of porositytion.

can be also added for those non-waterproof buildings with The 1-D model for the river is physically disconnected,

relevant storage capacity. Water levels within cells and flowbecause the banks have a larger elevation than the floodplain.

between them are computed using the continuity equation]hus, here we refer to the backwater effects only between the

the DSM-based stage—storage relationships and the weir lagells of the floodplain.

for the conceptual elements connecting neighbouring cells Flood input to the storage cell model is given through river

(Fig. 2a). The continuity equation provides the evolution in bank elements in the 1-D model. These are represented as

time of the water volumé& of each cell. lateral weir structures so that overflow hydrographs are au-
v tomatically computed as in standard river flood routing cal-
- = Z 01i, (1) culations. Parameters of lateral weirs, i.e. of potential over-

flow initiation points, require a detailed survey of river banks

sidered as posmve when enterlng the cell and negatlve otheRrone urban centres.

wise. This model returns the water surface elevation in the stor-
The stage—storage relationship for each storage cell is exdd€ areas for every instant of computation so, if the storage
pressed in the parametric form: areas have an adequate not-too-large dimension, it is possi-
ble to reproduce the key features (e.g. main timing and depth
V=a(z—z0)", 2 variability across the city extent) of the dynamics of flood

propagation. Also, the quasi-2-D part is here simulated with
whereV is the storage volume, is the water surface eleva- HEC-RAS but can be easily implemented with a GIS toolbox
tion, zp is the minimum terrain elevation within the ced, for an even more efficient in—out data management.
andn are two parameters that are estimated by best-fitting a
series of(z, V) points computed from the DSM with a stan-
dard GIS tool, once the cell boundary has been defined as
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Fig. 2. Scheme of the quasi-2-D hydraulic moda), superimposed on the digital surface model (DSM) of the downtown study area of
Florence and a zoom of the St. Croce area with a hillshade €fgct

2.2 Parameters estimation and data requirements of terrain elevation within the cell. The joint use of the DSM
and DTM may be useful at this stage. Although the defini-

One further advantage of the hybrid quasi-2-D hydraulictlon. of the storage C?"S can seem too SUbleCt'\./e’ In most S'.t'
o N : 4 uations the boundaries of the cells are determined by terrain
modelling is the possibility to consistently merge different

sources of topographic data for the main river and the flood:?r I::,{?Sg:} rdelzcontmwty, given the presence of the urban in-

prone area. The 1-D river model can be set up using standard o ” : . .
. L : The “virtual” hydraulic structures connecting different
high-precision river surveys (cross sections and bank and lev-

: ; . storage areas are weirs or weirs and culverts where there is
ees profiles) that are routinely updated and made available

. - L : an underpass. Culverts have the real dimension of car un-
by basin authorities and similar agencies. More and more ; : L .
i . : derpasses while weir elevation is extracted from the DSM in
frequently lidar-based aerial surveys form the basis of the S :
: ) ; - the linking segment between two storage areas. Every link-
urban DSM. Both pieces of information are efficiently man- . . . . )
. . ., ing segment has its elevation profile from which the crest
aged through dedicated GIS toolboxes, which also provide S . .
; . . . elevation is extracted as the average elevation of the profile.
direct interfaces to hydraulic models such HEC-RAS or di- L
o . The length of the weir is assumed to be comparable to the
rectly compute storage curves inside prescribed polygons. : : . .
) . 2. “effective portion of the storage area edge in which water can
Here a hybrid version between a DSM and a DTM (digital . .
. : . . flows (e.g. roads connecting two cells). Since we do not have
terrain model) is used in order to consider as obstacles to the . . :
S : an adequate set of data for the hydraulic model calibration
flow only the buildings and the infrastructures and not the

. the weir coefficients (Egs. 3 and 4) are taken from literature
vegetation. .
tables for broad-crested weirs.

The most delicate step in the terrain data set-up is the de- The main disadvantaces of this quasi-2-D aporoach are the
lineation of the storage cell boundaries. These are here drawn 9 d bP

with quite a large level of subjectivity, in a GIS assisted envi- quite large subjectivity in drawing the storage cells and the

20 o .. fact that the storage cells start to fill in the lowest part. As
ronment, considering the presence of anthropic discontinuity. : . )

. . “above described, the first problem can be solved using a pre-
such as elevated streets and railway overpasses, pre—settln%a

. . . efined reference cell size, the latter is much more crucial
reference cell equivalent diameter of the order of the inun-. bounded but in thi dv th i< ch
dation depth (e.g. a very few meters) times the topographién unbounded areas, but In this case study the area is char-

e acterised both by natural bounds (the hills on the left bank)

gradient along the main floo_d _propagatlon path (eg.a Ver){and anthropic discontinuities. The larger slopes are close to
few per-thousands), and avoiding an excessive heterogeneity
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the river banks, so, realistically, these areas are only of flon

o ) ; s e
transit (Fig. 5a). Neverthe]ess this model is able to reproduce Vertical dlstribution of the value | = G]3
correctly the flood dynamics only when the lowest part of the ITo o o ol
cell is the closest to the river. i 2fnls g EhEIE

Development of Stage-damage | - =
curves D%=D(h) LA

3 Damage modelling and risk estimation bl

3.1 Purposes and problems Flood depthmapping for
census units

A key step in the proposed methodology is the realisation i
of a georeferenced GIS polygonal feature that gives indica:
tions about consequences of flooding on urban assets of va
ious kinds. In this example we choose to consider only direci
tangible damages to structures, household contents and cor| Economic assessment and
mercial contents, the more relevant categories in the exampl Monetary damage (€/m?)
study area are described in the next section. These damag
are quantified first as per cent loss through the application o
stage—damage functions and then as monetary loss per ur
surface area§ m—2)_ Risk assessment (€/year-m?) |
Stage—damage functions in terms of percent loss have th
advantage of being applicable to similar urban environments
?rfr?] ng\i/segi)r/\ d|§tant areas, thus allowing to Iargely draw them{:ig. 3. Risk assessment procedure based on census section scale.
g literature. In the example described here abou
the city of Florence, Italy, damage curves for the cities of
Palermo, Italy (Oliveri and Santoro, 2000) and Prague, Czech
Repub"c (Genovese’ 2006) have been considered becau@/ery country in EUrOpe has its statistics office that prOVideS
the characteristics of the buildings of these urban areas arBopulation, apartments and commerce census, so a census
comparable (presence of the cellar, number of storeys). Th&€ction micro-scale could be used in many countries.
micro-scale approach is crucial at this stage, as it allows the Despite the large amount of information in census
specification of buildings and commercial characteristics thatdatabases, as detailed below, the choice of a full quantitative
form the basis for assessing the similarities between distan@Pproach at the micro-scale still implies the need of on-site
urban areas. inspections to collect additional information about the char-
After Stage_damage function app”cation, per cent |osse§.CteriStiCS of bUIIdIngS and commercial activities needed to
can be transformed into economic losses using monetaryefine local stage-damage curves, especially when these are
value maps for each class. Monetary values are hardly availdrawn from the literature. These inspections, however, may
able directly at the micro-scale, but a number of proxy vari- be limited to a very few representative samples for each cat-
ables may be considered to downscale monetary estimategory taken into consideration.
from regional and sectorial economic studies. As an exam-
ple, real-estate market value may be used as a proxy indicaté.2 Damage analysis process
for structures and household contents, or the annual business
income as (one) proxy for the value of commercial contents.The flowchart with the main steps of the damage analysis
However also these proxy variables, for a number of reasongrocess is sketched in Fig. 3. After the flood depth is obtained
such as the privacy or the market value of the data itself, arédrom the hydraulic simulation, the average flood depth for
usually not available for the single unit (household, businessgcensus section is computed through GIS tools: flood depth
etc.), but can be found in various databases only at some agnap for a selected scenario, i.e. return period or probability
gregation level. level, consisting of a raster grid with the same size and res-
Here we consider the census section system as the optimalution of the DSM used for the floodplain hydraulic model.
compromise between aggregation scale of many differenfThe GIS raster calculator enables one to compute the av-
socio-economic data and spatial detail required for a urbarerage flood depth value inside each census section poly-
micro-scale study. Census section polygons compose an igon. This average flood depth value for each census section
regular mesh, covering all territory with anthropic activities, represents the independent variable in a stage—damage rela-
usually more dense right where the population density in-tionship. Flood velocity is here neglected as a possible fur-
creases. In Italy, as an example, census section usually coitther factor in damage assessment because, according to re-
cides with building blocks in densely urbanized settlements.cent studies, velocity in monetary loss modelling cannot be

Damage assessment (%) |
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Table 1. Summary of the damage categories considered and theisection area, anlls is the structure value for census section

indexes. unit area (e.g. the market value of a building block). House-
hold contents valué/c, is supposed to be a fractioh (see
Damage Monetary ~ Average per Monetary  gect. 3.4) ofVs:
Categories value cent damage damage
(€m2) %) (€m?) Ver=f- Ve 9)
Structures Vs Ds Ds . . .
Household contents Ver Der Dere Resulting economic and damage values are then per unit

area of census section. Expressing values as per unit area of
census section is more convenient than per unit real estate
area, that would be the common market representation, be-
gause census section polygons usually cover the urban area
with no gaps. Calculations of average or total quantities at
0lﬁlrge scales, such as neighbourhood or municipality, may be

Commercial contents Vee Dce Dcce

recommended in absence of a large amount of validation dat
(Kreibich et al., 2009).

Damage assessment proceeds with the application ) .
stage—damage functions obtaining the average per cent darmen_ computed by 3|_mp_le summatl(_)n. )
age for census section and category and finally, by simple. Mlcro-_scale quantltayve economic data are evenmore dif-
multiplication with the monetary values, with the evaluation ficult to find, on accgs.s!ble.databgses, for blﬂs'”ess in general
of monetary losses for each category. This analysis considel‘gnfj cor_nmermal qcthltles in particular, o_bV|ous reasons are
three main damage categories: structures, household conterit ICt privacy requirements, trade'regulatlons', etc. Itis quite
and commercial contents. The different damage categoriegommf’n the case where only national or regional annual av-
and the indexes used in the next sections are summarized fil 29€ [NCOMES per tra_lde_ sector are z_avanable. We can assume
Table 1. in general that quantitative economic data on the commer-

cial sectors are available at a spatial scale much coarser than
3.3 Variables and equations the urban micro-scale, so that proxy variables have now the

role of downscaling and “localizing” these data. An exam-
A stage—damage curve returns the damagssociated to a  ple of such a proxy variable is the number of employee per

flood depthi above street level: sector in a census section. This can be used to downscale
average regional values through the assumption that a larger
dyi = dyi (h), (5 economic value of a business or a commercial activity, even

nwithin a broad category, usually results in (or is consequence
of) a larger number of employees. As detailed in Sect. 3.4, re-
gional and sectorial data can be used to estimate the average
monetary value per employdég of a commercial activity

of a given kind in the area, and from this the corresponding
total value in each census sectigg may be estimated as:

wherek is a damage category (e.g. structures, household co
tents...) and is a sub-category df (e.g. buildings with dif-
ferent number of storeys).

The average damag@yo, for each main category results
from a weighted average in the census section:

Y dii(h) -ng; i . ,
Dy = =1 (6) Vad(j) - adse(j)
0= m ’ j=1
. Vee = 10
i;l.nkl « Asc ’ (10)

wheren,; is the amount of objects belongingo, m is the ~ Where ade(j) is the number of employees in activijyin the
number of sub-category considered. census section.

The economic los®y per unit area is the product of av-
erage percent damage, economic valiyger unit area and
vulnerabilityc (see Sect. 3.4),

3.4 Required data and damage parameters

Damage assessment as outlined above requires the estima-
Dy =c- Dy~ Vi (7)  tion of several parameters. Data sources for their estimation
may vary from country to country, but the core census data-
In order to estimate economic values for the categorieshases may be considered to have similar characteristics in
of structures and household contents, real estate appraisaisost of them. Also additional data, such as real estate ap-
Qimm May be used as a good proxy variable: praisals at municipal levels or sectorial studies on business
- Aed- Qimm and commercial activitit_es at regional or national level, may
= (8) be supposed to be available for a large set of urban centres
Asc worldwide. As an example among various possibilities, the
where p is the average number of storeys in the buildings following data sources have been used for the case study in
of the census sectioreq is the built areaAsc is the census  Sect. 4.

Vs
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— Population and apartments census (Istat 2002); value of an unfurnished flat and a furnished one. Typical val-
) ues in the study area are in the interval 0.10-0.18 (Agenzia
— Industry and tertiary census (Istat 2002); del territorio, 2011), S0 we assunfe= 0.15.

The estimation of the paramet&gyin Eq. (10), represent-
ing the average value per employee of a commercial busi-
Trade studies (Agenzia delle entrate, 2009). ness, is quite more complex. In fact the national annual av-
erage incomdna (€ yr-1) for a trade sector, officially given
The National Statistics Institute (ISTAT) census provides at national level by the Ministry of Economic Development
in Italy a large amount of data about buildings, apartments (trade studies) may give biased estimates in some urban con-
population and economic activities. Similar data are providedtexts where commercial activities are more profitable than
by the Office for National Statistics in England or the Statis-in other cities or country areas. Some local correction fac-
tichen Amter des Bundes und derahder in Germany. For tor L must be then introduced fdr, before its application.
each census section quite a large number of data is systenthis correction coefficient may be again estimated with data
atically provided: the number of buildings and their destina-from the real estate market, and taken as equal to the ratio
tion, the number of storeys, the period of construction, andbetween the local average renting value for a commercial ac-
the number of employees for a specific activity, just to nametivity and the national one. For instance, in a big town centre
a few that are used in the damage estimation procedure.  commercial renting values for a fashion store may be from 5
Published trade studies provide in Italy the national aver-up to 12 times higher than the average national rates (Agen-
age income for a trade activity while real estate appraisalzia del territorio, 2011), so we can assume that an equal-size
provide the local market value for sale and renting at sub-commercial business of that kind is 5-12 times more prof-
municipal, i.e. neighborhood, level. itable. To give an ideal,; for commercial activity in Italy is
In many cases replacement or substitution value is choseB90 000€ yr—! (Agenzia delle entrate, 2009), in Florence it
when estimating the value of an estate for damage assess 10 times larger.
ment. Instead, in this study the use of the market value cou- Also for commercial businesses some sort of vulnerability
pled with vulnerability, as further described below, implicitly must be considered, but with a different meaning with respect
bears the recovery cost. Whether to adopt the replacemertb residential buildings and contents (where we consider as
value or the recovery cost as the best indicator for risk esthe prevalent loss the damage to the furniture). Floods may
timation has been debated in some studies (Oliveri and Saraffect them in two main ways: halting the business for a cer-
toro, 2000; Meyer and Messner, 2005a). It may be reasonabltin period, and deteriorating or destroying merchandise and
to prefer the replacement value only when the expected damshop furniture and appliances. For the trade activities we as-
age approaches 100 %, which is not the case in most urbasume as a more objective damage the loss of the merchan-
centers in cases of flooding. dise, because the period of inactivity for a shop is largely
Real estate appraisals and reports on sale trends, whickubjective and sometimes the trade activities can definitively
consider different conservation states of buildings, may beclose after a flood event. This depends on the urban resilience
also used to define a range of values for the vulnerability pato flood, which is out of the scope of this paper. Considering
rameterc in Eqg. (6). Depending on building type and main- the loss of the merchandise as prevalent, the problem reduces
tenance status, flood damage may in theory vary from veryessentially to estimating what fraction of a business value,
little to complete destruction. In the considered case studyusually expressed in monetary income per year, is present at
where most of the real estate are well maintained ancient maany time in the form of vulnerable merchandise and goods.
sonry buildings, we assume that after a flood a typical build-As a first approach, we can consider for each commercial
ing will just require a prominent renovation (e.g. restoration sector a reference in store residence-time of merchargise
of electrical and heating plants, building frontage, floors and(years). For instance in a fashion shop the merchandise stays
interiors). From real estate appraisals, the ratio between thér about three months (every season the fashion collection
market value of a flat that needs a deep renovation and a peis substantially renovated), so if a flood occurs only a quarter
fect condition flat is within the range 0.15-0.30 so that vul- of annual income may be lost at most. To achieve a better
nerability for structures is assumed to be around 0.2 (Agen- approximation we can consider that some activities contain
Zia del territorio, 2011). “refreshable” goods, typically the merchandise, but also per-
On the contrary, contents are usually much more vulneramanent goods such as furniture for a nominal amaiige.g.
ble than structures regardless of building type, so for housei5 %). Putting all together, we obtain the average municipal-
hold contents and commercial contenis assumed to be 1, ity value for a trade sectof,a x (L - Ts+ M) that, divided
that is to say that the contents (house furniture, appliancedpr the average number of employees in the municipality for
etc.) must be totally replaced if affected by a flood. the selected sector (extracted from Industry and Tertiary cen-
From similar reasoning the parameféin Eq. (9), which  sus), returns the needed paramétgyin Eq. (10). The fac-
is the ratio between building content and building structuretors used to evaluaté,q are summarized in Table 2.
values, is estimated considering the ratio between the renting

Real estate appraisals (Agenzia del territorio, 2011);
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Table 2. Summary of the parameters used for the evaluation of the average value per employee for the commercial sector described in
Sect. 3.4.

Ina L Ts M Vad
€yrh (years) €) (€empl7l
Description Annual average Local correction  Residence-time Permanent Av. value
income factor  of merchandise goods per employee
Leather good shop 290000 10 0.25 0 76 000
Tourist accomodation 341500 10 0.02 68500 13000
3 '5 RISk assessment Hydrograph for the Florence urban reach of Ao river

4000 -

—*— 50 years
—&A— 100 years
—©— 200 years

The damage analysis described above may be repeated fi
a number of flood scenarios corresponding to pre-definec
probability levels, e.g. 30, 50, 100 and 200 yr return periods.
With economic loss estimated at any point for different return
periods, these values can be interpolated in the frequency dc¢  2seof
main to get a damage—frequency curve. This curve forms
the basis for the calculation of the risk measure, defined a:
the expected annual damage (EAD). EAD is the sum of the
damages caused by all the floods of any possible magnitude
weighted by their probability of occurrence in any one year.
If Ty is the return period for which the total economic damage

3000 -

2000

Flow [m3/s]

1500 -

1000 -

Dyt has been estimated, EAD can be computed as: s00f
l L 1 L 1 1 1 L 1 1 J
. l 00 5 10 15 20 25 30 35 40 45 50
Risk=EAD = / Diot(Ty) - d(T) (12) Time [hours]
r
0 Fig. 4. Hydrographs for the upstream reach of the city of Florence

The total economic damag®y: is here resulting from the ~ for different return periods.
sum of monetary damage to structui®se, household con-
tentsDcre and commercial conterdce:
carefully to understand the future scenarios. However, the

N .

Drot(m™) = Ds+ Dere + Dece- (12) " correctness of the model here adopted can be only qualita-
tively evaluated, through the comparison with similar mag-

4 Case study nitude events, because sufficient data for the calibration and

the validation are lacking, as described in the next section.

In this section an example is presented to demonstrate the

feasibility of the proposed methodology in a real case of4.1 Hydraulic model application

some broad interest, which is the risk in downtown Florence,

Italy, affected by a famous devastating flood in 1966. The hydraulic modelling of the Arno river, applied to the
In the city of Florence the only event that has been exten-urban area of Florence (Italy), provides a flood depth map

sively recorded with the watermarks on the building walls is for each scenario (50,100 and 200 yr floods, see Fig. 4 for

the 1966 flood. Records from such flood allow a partial ver-the corresponding hydrographs). Hydrologic—hydraulic data

ification of the accuracy of the hydraulic quasi-2-D model. and high resolution GIS data are provided by the Arno River

Other records from previous events (such as 1333 and 1844 asin Authority (Arno River Basin Authority, 1999, 2002)

are very limited. The absence of a set of data from the pasand by the municipality of the city of Florence.

events makes the evaluation of the hydraulic model quanti- The Arno river reach inside the urban area is 9.4 km long.

tatively difficult. As widely recognized, the ideal set of data Florence flood prone area is modelled with 42 storage cells,

for the hazard model calibration and validation consists of upcovering 16.5krf, and 63 connections (weirs or weir and

and downstream flow hydrographs, mapped inundation exeulvert).

tent and inundation depths for the urban areas. For the 50yr event there are no active overflow points,
According to the 2007/60/EC directive, the flood events so this return period will be considered as reference zero-

occurred in the past have to be taken into consideratiordamage probability in the damage—frequency curve used for
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an adequate set of data for the hydraulic model calibra-
tion/validation in the urban reach of Arno river is lacking. A
model reconstruction of the flood peaks is given in Malguzzi
et al. (2006). This study and various other technical reports
(e.g. Arno River Basin Authority, 2002b) have been used to
assign to the 1966 event a recurrence interval between 150
and 200yr. These previous studies allow us to compare the
1966 event with the 200yr scenario. This comparison has
the meaning of validating the model on the basis of events
with comparable magnitude. It is evident that, if available,
the use of the true 1966 input hydrograph would provide a
much better basis for model validation. For this case study
it is considered that this “similar-magnitude” comparison is
still meaningful for validation purposes, also in view that the
adopted model does not require calibration.

The map in Fig. 7 and scatter plot in Fig. 8 compare the
200yr flood depth model estimates in the Florence study area
with existing watermarks of the famous 1966 flood. These
watermarks (see example inset in Fig. 6) are marble plates
placed on many building walls in downtown Florence. Cor-
responding 1966 flood water depth at watermarks is officially
given by the Arno River Basin Authority as elevation of wa-
Fig. 5. Maximum flood elevation in Florence for the 100 yr flo@g termark above pavement level at the tlm.e of placement, a few
and 200yr flood(b). (a) clarifies that in presence of high slopes weeks after the flood when water the signature on the walls

close to the river banks these areas are supposed to be of flow trandas Still evident.
and consequently not floodetb) also shows the location of the ~ The scatter points in Fig. 8 are divided into three groups
historic marble plates reporting the maximum flood depth of the according to their position in the study area (see also Fig. 5
1966 flood. Different symbols are used for different study areas:for their location). The black points concern the area of the
red for the St. Croce district, pink for the whole downtown, white St. Croce district where marble plates of the 1966 flood are
for later developed suburbs. more densely distributed (Fig. 7). The grey points belong to
the whole historic centre of Florence and the white ones are
from the suburbs (north-west and south-east suburbs).
risk estimation. For the 100 yr and the 200 yr scenarios the Considering possible later changes in pavement elevation
1-D river model activates 8 and 16 overflow points, respec-and a severity of the 1966 flood between 150 and 200 yr re-
tively. currence intervals (Arno River Basin Authority, 2002b), the
In the 100yr scenario the flooded area is about 3km 200 yr model results compare pretty well with watermarks in
with an average flood depth of 2m. In the 200 yr scenario,the whole downtown Florence. More importantly, some re-
flood area and depth increase to 11%amd 2.5m, respec- modelling of the river profile and bridge foundations have
tively (Fig. 5). The estimated pattern of the 200 yr flood in been done in the years following the 1966 flood, so that the
Florence shows strong similarities with the historic flood of same flooding depths of that event may be now expected with
1966. These similarities are both in terms of flood dynam-a higher recurrence interval. Error statistics are comparable
ics and flood depth, especially in the downtown area. In bothwith data accuracy in the historic centre (RMSE 0.63 m, bias
cases the inundation starts immediately upstream of the ur—0.03m, R? =0.73) and in the St. Croce district (RMSE
ban area, then almost simultaneously downstreafPainco 0.37m, bias 0.18 mR? = 0.49). In the suburbs the model
delle Cascineand St. Croce areas on the right bank (Fig. 6), overestimates the inundation depth (bias 0.27 m) with a much
finally also the left bank is inundated. As also shown in larger difference between the model and watermark levels
Fig. 5, the historic centre is completely flooded after 20 h (RMSE 1.85m,R2 = —0.59). The poor performance in the
from the start of the simulated inundation and surroundingsuburbs can be easily explained by the fact that in 1966 those
areas follow after 1-2 h. The maximum flood depth is gener-areas had not been urbanised yet. Most of the buildings in
ally reached after about 24—26 h from inundation start. those areas were constructed after 1970, and consistently
The complete observed hydrograph for the 1966 flood isthe use of the up-to-date DSM implies an overestimation of
actually available for the section of the Arno river at San Gio- the flood depths.This discrepancy in the quality of the flood
vanni alla Vena (much further downstream of Florence, aboutlepth estimation further demonstrates the importance of the
twice the contributing area) and for the section of the Sieveuse of a recent and high-resolution DSM for such hydraulic
river at Fornacina (one tributary upstream). Consequentlysimulations. The similarity between the 200 yr and the 1966

Legend
Flood elevation (m.a.s.l.)
w
34

8S.Coce district

° Historic centre

©  Suburbs
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200 years flood evolution at different times of
thenumerical simulation.

Fig. 6. Water depth in Florence after 18), 18(b), 22(c), and 26 h(d) from simulation start of the 200 yr flood event.

events allows us to argue that in the city of Florence the mairg
driver in the flood depth and extent is the terrain morphology.

4.2 Damage model application

In order to better test the proposed flood damage metho
and focus on specific practical problems in its application,
a small area is chosen, which is the most affected by floods
in both scenarios. The St. Croce area was also one of th
most damaged in the 1966 flood and it is famous for the lossP
of many artistic masterpieces in churches and museums an Flaod depth () in 1965 event Hycraullc model flood depth (m) 1.5
manuscripts in the National Library. | e e 3
Franciscans arrived there in the 13th century and the
church of St. Croce, which gives its name to the neighbour-Faz~o
hood, was completed in 1433 during the Renaissance periofz: .50zl - s
when the area was almost completely urbanized. During its
history the St. Croce area was characterized by leather crafté:-ig_- 7. Spatial detail for the St. Croce district of the flqod depth
manship whose memory remains in the streets’ toponymfstlmated for the 200 yr event. (shf.ides of blue). and maximum water
and in a large amount of leather-good shops still active. Nowd.eF’th from the 1966 event h'?‘tor'ca.l plates (figures). An example
. . - . icture of such plates is given in the inset.
this area is a tourist attraction and hotels, restaurants anfl
other facilities are widespread.
~ This study area covers about 0.5%and contains 58 S€C- oy structures and household contents, the following sub-
tions of the 2001 census, counting a total of 4081 '”hab'ta”tscategories are present:
The representative main damage categories selected for
the study area are structures, household contents and com-— four storey buildings with cellar (Renaissance’s build-
mercial contents. ings);
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Fig. 9. Reference scheme for the vertical value distribu{@nand

— two storey buildings with cellar (post-unitary build- structural stage—damage relationsHipsfor buildings.

ings).

For commercial contents, the following sub-categories argp Oliveri and Santoro (2000). This is a simplifying assump-
considered as representative of about 90 % of commercial aGjgn pecause most buildings are not waterproof and could be
tivities at risk: seriously damaged even with a lower flood depth, depending
on the efficiency of the local sewage system. Waterproofing
buildings, installing backflow valves or drainage lines, can be
— tourist accommodations and services (hotels, restauvalid operations to reduce flood damages, but it is a personal
rants, caés). cost for homeowners who are frequently uniformed about the
risk to their properties (see Sect. 6).

For these main classes the vertical distribution of economic The average flood depth for census section is computed
value is first defined. For the structures and the householqlsing the raster calculator GIS tOOI, then the app"cation of

contents it is assumed that each floor has the same value a%ge_damage curves leads to the average damage maps for
that the cellar is the 6 % of total value (Fig. 9). For commer- ggch main class.

cial activities, which are usually located in the ground floor  Economic value is estimated with Egs. (8), (9)

in a dual-use building, it is assumed that 100 % of activity and (10) where Qimm is about 400 m~2 in the

value is in the ground floor and cellar (used as warehouse O&tydy area.Vaq for leather-good shops is estimated as

winery). Buildings with more than two storeys are all treated 76 000€ employee?! (assuming that. = 10, Ts = 0.25yr,

as four storey ones. M =0, see Sect. 3.4); for tourist accommodation and
With the above assumption we can create stage—damaggsrvices Vaq is 13 000€ employee! (assumingL = 10,

(%) curves (Fig. 9) even if we do not have any real damager, — 0.02yr, M = 68500€) (see Table 2). All monetary

validation data for the study area. The stage-damage curvgs|ues are estimated with fourth quarter data of 2011.
for the structures made for this case study are pretty similar

to the Palermo case study ones (Oliveri and Santoro, 2000)

because they share some assumptions and the building char-

acteristics are comparable. Itis assumed also that we have Mo Results

direct damage for the above categories before water reaches a

depth of 0.25 m. This threshold depth represents the averagéhe intermediate results of the procedure, i.e. the 200yr
elevation of the building entrance door upon the road level apercent damage map, the economic value and the 200 yr

— leather-good shops;

Nat. Hazards Earth Syst. Sci., 13, 1375391, 2013 www.nat-hazards-earth-syst-sci.net/13/1375/2013/



C. Arrighi et al.: Urban micro-scale flood risk estimation with parsimonious hydraulic modelling 1387

B 500-- 800

[ eo1-1100
i 1101 - 1300
< I 1501 - 1500

A ol

i _2
Fig. 10. Per cent structural damage for buildings in the St. Croce Fig- 12.Monetary damage to the structuresi~—<) for the 200 yr
district for the 200 yr flood. flood.

hint of a positive correlation between value and vulnerability,
which is a further exacerbating risk factor.

The total average monetary damage in the study area, con-
sidering all the categories, is 34Dm~2 for the 100 yr sce-
nario and 175@€ m~2 for the 200yr scenario (see also Ta-
ble 3 for the detail of the single categories).

Through total damage values we can build the damage—
frequency relationship for the study area and compute the
EAD (Eqg. 11) that enables us to evaluate flood risk. EAD re-
sults in about 5.8/ yr—1, 14€ m2yr—1 for the St. Croce

ALLE GRAZIE

Legend . . .
%F ic value forsfr (€nd) area referring t<_3 census unit surface area. Th_|s value dqes not
y. | 8s00-5000 include other direct damages such as cleaning costs, infras-
H 9001 - 12000 . -
: 12001 - 15000 tructure damages or cultural asset loss and indirect damages.

I 15000 - 18500
(W/J e NI X SR SR AL

EAD could be corrected using building density to estimate
the average flood risk for built surface. Here the building den-
sity is 57 % so risk becomes about 2&€5n~2 of building
footprint.

Figure 14 shows the spatial distribution of EAD for cen-
sus section units in the St. Croce district. The map highlights
o many census sections where flood risk is larger than the av-
monetary damages, are shown in Figs. 10 through 12 for the, 4 ge value (violet and magenta sections). The spatial distri-
sample category of structures. bution of higher flood risk sections reflects both the pattern

) of the flood depths (Fig. 7) and the exposure of various as-

The average per cent damage to structures is 7% for @gs |n fact the largest damage at a constant flood level is
100yr flood and 36% for a 200yr flood, 20% and 85% |ocated where commercial density is higher (e.g. the most
for commercial contents, 7% and 30 % for household con-¢ the pyildings are dual-use buildings) or generally where
tents. As shown in Fig. 10, the spatial distribution of the per,o monetary value for the structures (and consequently for
cent damage reflects both the pattern of the flood depths (s6&,,sehold contents) is higher (Fig. 11).

Fig. 7) and the location of specific high vulnerability build-
ings.

As shown in Fig. 11, the spatial distribution of the eco- 6 Flood protection measures
nomic value of the structures, which is given as per unit
area of census section, is quite heterogeneous, also reflectirgfarting from the details of a micro-scale quantitative analy-
the combination of different building density and building SiS, We can try a more objective evaluation of the economic
types_ The resumng map of the 200 yr flood structural dam-cost—ef‘fectiveness of risk reduction measures. We will take
age, shown in Fig. 12, is even more variable than its two mairthe retrofitting one as a first example. This possible measure
components, covering a whole order of magnitude. This is &or risk reduction in the area is still being debated.

Fig. 11.Map of the monetary value for structures (n_z) referred
to the census section unit surface.
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Table 3. Total damages and average damages for census unit surface in the study area.

Damage 100yrflood 100yrflood 200yrflood 200yr flood
categories ME€) (€m2 (M€) (€m2)
Structures 84.5 211 449.6 1124
Household contents 415 103 197.3 493
Commercial contents 10.7 27 45.1 113
Total 136.7 340 692 1750

Damage-return period curve
700 T T

T T
600
Damage-return period curve

Damage-return period curve with
retrofitting

Damage (M€)

Legend
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Return Period (Years) Fig. 14. Flood risk map for the St. Croce districEm—<yr—).

Values are for unit surface area of census sections.
Fig. 13.Damage—return period curves for the St. Croce district, with
and without building retrofitting.

contents and buildings. Flood insurance annual premiums in
Italy currently start from 2 m=2.

Risk management strategies can be roughly divided into In the St. Croce area another considerable problem is the
public and private ones: the first ones usually have a muctcultural assets at risk, including several movable master-
stronger social valence and may often neglect strict costpieces that are exhibited in the St. Croce museum and are
benefit analysis. This is particularly true when elements athardly able to be relocated because of the site-specific nature
risk are human life or cultural heritage whose value cannotof this museum.
be monetized. Private interventions are instead strictly cost— Let us consider some retrofitting measures suitable for
benefit driven. Tipically homeowners are directly interestedstructures and household contents in the study area: flood
in cost effectiveness of their investment in individual flood adapted use and installation of backwater valves. The instal-
protection measures as a monetary reduction of future lossdation of the backwater valves is a crucial measure for the
and/or insurance premiums. study area. Since the sewage network in Florence is very old

Protecting Florence from floods is a national matter sinceand combined (i.e. same pipe systems for collecting storm
1966. According to hydraulic and flood hazard studies startedunoff and wastewater) and not well maintained, a small but
since the late 60s, a system of storage areas in the upstreapersistent flood depth (e.g. of the order of 0.10 m) can cause
Valdarno region is considered the best way to avoid damagethe flooding of the cellars that lie 3 m under the road level.
from 100 yr return period floods, and 280<€ is the costthat  This occurs also in case of intense rainfall.
was estimated in a 1998 general basin plan (Arno River Basin The costs here adopted for these measures are to be consid-
Authority, 2002b). But also individual precautionary mea- ered as local and come from the assessment of some experts
sures on buildings, known as retrofitting methods (FEMA, from the sectors of construction and renovation.

2009), can be effective in combination with basin-scale inter- For commercial activities flood adapted use means essen-
vention. However, data about the effects of such measures at@lly not to use the cellar as a warehouse or winery in order

rare and consequently the efficiency of different precautionto prevent damages to leather goods and other products.

ary measures is still unclear (Kreibich et al., 2005b). Signing Flood adapted use also means that only waterproofed
a flood insurance can be another way to secure householduilding materials and furniture should be used and heating
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Table 4. Costs of retrofitting precautionary measures. 7 Conclusions
Precautionary Measure Cost Annualinstalment  After the 60/2007/EC Directive, flood risk management
Backflow valve 12, m-2 0.7€m 2yr1 plans_are ma_ndatory and monetary evaluation and cost—
o ) ) 57 g benefit analysis become the primary ways to choose the best
Raising electrical plant  40-80m Semyr flood risk mitigation protection strategy. This is particularl
Flood adapted use 10@Dm 2 50€ m—2yr—1 IS lugation p lon s gy. This IS particularly

true when private homeowners are directly involved in the
choice of the mitigation measures, such as retrofitting meth-
and other utilities like energy and gas should be moved up-ods suitable for their property.

stairs. These precautions are very expensive but can be de- Flood hazard maps have to be systematically imple-
signed while renovating a flat and they imply additional mented, hence requiring both accuracy in results and easi-
restructuring costs, approximately 25% of the flat's valueness in model set-up. From this point of view it is widely
(1000€ m~2in St. Croce area). Only the raising of electrical suggested that coupled 1/®-D models can be considered as
devices can cost approximately 40-80n 2. the best compromise. The parsimonious quasi-2-D hydraulic

Backwater valves stop the water from entering the buildingmodel described in this paper has many advantages in terms
via the sewage network and can protect cellars for low wateiof easy set-up through commonly used free software such
depth; installing a valve costs about 1608nd means (fora as the HEC family. It is also here evaluated as reproducing
medium flat of 80 ) a cost of 12.5 m~2. All of the above  well the flood extent and the flood depths of events of sim-
unitary costs refer to built surface area. ilar magnitude with a high-resolution and up-to-date DSM.

If we suppose that these costs can be paid in annual inThe capability of the parsimonious hydraulic model to de-
stalments for 30 yr with a 3% rate we can compare the esscribe the flood depth pattern in similar scenarios, estimated
timated average current flood risk for built surface areasby comparison with marble-plate records of a historic flood
(24.5€ m—2yr—1) with annual investment (Table 4) and with in the city of Florence, reaches in the downtown area a bias
residual risk to discuss the benefits of flood risk mitigation of a very few centimetres compared to an average flood depth
measures. of about 2 m and a determination coefficient of 0.73.

We should remind that all the mentioned precautionary The main disadvantage of this quasi-2-D approach is the
measures are considered as effective for water depths lesubjectivity in the storage cells definition and the fact that
than 1 m (Arno River Basin Authority, 2011; FEMA, 2009). the storage cells start to fill in the lowest part, so that the

If we assume, for instance, that flood damage is zero bedetailed flood dynamic is neglected. More efforts should be
fore water reaches 1 m (e.g. with retrofitting methods ap-addressed in this direction in order to find a suitable model to
plied) we could conclude that a 70yr event does not affectrepresent an urban area with this considerable building den-
our study area. sity and dimension. Damage models are likely the link, in the

As shown in Fig. 13 (red line), the adoption of retrofitting risk estimation chain, that require more advancement and fur-
measures changes the shape of the damage—frequency cuther deepening. Critical, only partially resolved problems are
with a consequent reduction of the area under the curvethe parameter estimation and the definition of stage—damage
quantifiable with Eq. (11). curves with local representativeness. Greater efforts have to

With retrofitting measures a reduction of flood risk of be focused in vulnerability and exposure studies in order to
about 5.3 m~? is expected with an average residual risk bring that part of a risk assessment study to the same level of
of 19.2€ m~2. This means that only backflow valve installa- precision as from hydraulic simulations. In fact the damage
tion could be cost-effective. The cost of the raising of electri- assessment is much more uncertain than the hazard assess-
cal installations is almost equal to risk reduction and repre-ment, thus the selection of the flood loss model is crucial in
sents the maximum reasonable investment suitable for thosthe final risk estimation. The flood damage is influenced by
higher-risk sections (violet and magenta ones in Fig. 14).numerous parameters such as flood velocity, flood duration,
Flood adapted use instead is too expensive in comparisoand precautions, so the use of flood depth as unique param-
with estimated risk reduction. eter for the damage estimation is clearly an approximation

In conclusion, the St. Croce area must be secured also witfMerz et al., 2004; Apel, 2008; Kreibich et al., 2005a). In
basin-scale interventions such as storage areas in the Vathis respect further studies are necessary to evaluate the per-
darno region. The combination of basin-scale and individ-formance of the proposed methodology and to corroborate its
ual measures with a large educational program and alert syggeneral applicability.
tem can reduce significantly flood risk in Florence but with  This preliminary case study highlights that census section
significant costs. Both, in cases of public or private inter- scale could be an optimal micro-scale discretization and data
ventions, micro-scale flood risk assessment, based on cemeference for flood risk assessment in urban areas. It allows
Sus unit, enables us to understand quantitatively and with @ne to estimate high-detail potential losses and flood risk for
good accuracy the local effectiveness of different managefepresentative categories of the urban asset such as build-
ment strategies. ings, household contents and commercial activities and to
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represents results with high-resolution risk maps. Even if sin-Apel, H., Thieken, A. H., Merz, B., and Bschl, G.: Flood risk

gle properties or businesses cannot be resolved at this scale, it assessment and associated uncertainty, Nat. Hazards Earth Syst.
may be said that most of the variability of the economic value ~ Sci., 4, 295-308¢0i:10.5194/nhess-4-295-2Q0004.

at risk can be resolved, in dense urban areas, at the scale 6P€l. H., Aronica, G. T., Kreibich, H., and Thieken, A. H.: Flood
building blocks. These quite often coincide with census sec- Sk analyses- how detailed do we need to be?, Nat. Hazards, 49,

tions. Furthermore, the results of flood risk assessment at the /298 2008. _ . : -
’ S\rno River Basin Authority: Perimetrazione delle aree a rischio

census se_ctlon scale _can be easily aggregated tq Whatevgr Ljp'sull’asta principale del fiume Arno e sugli affluenti nel tratto di
per scale is needed given that they are geographically defined rigurgito, 1999.

as contiguous polygons. Census section data cover a wholgng River Basin Authority: Analisi dei battenti idrici sullasta
national territory, they are a georeferenced mesh more re- principale del fiume Arno e su alcuni dei principali affluenti
fined where population density increases, and they are often (Sieve, Elsa, Era), 2002a.

updated and available in many countries in the EC and world-Arno River Basin Authority: Progetto di piano stralcio per I'assetto
wide. idrogeologico, 2002b.

In the study area, potential losses, estimated with the proArno River Basin Authority: Convenzione 13 ottobre 2010 rep. n.
136M € and 691 € for a 200 yr flood including only di- del flume Arno. Area tematica 1: sviluppo di sistemi di sicurezza
rect damages to buildings, household contents and commey. '°¢21€: 2011. _ _

) AR . dEiarredo, J. I.: Normalised flood losses in Europe: 1970-2006, Nat.
cial activities in the St. Croce area. This is the most affecte

. . . Hazards Earth Syst. Sci., 9, 97-102hi:10.5194/nhess-9-97-
neighbourhood in downtown Florence. The estimated aver- 2009 2009, y )

age flood risk is 5.8/€ yr-* that is to say 1€ m2yr-! Bates, P. D. and De Roo, A. P. J.: A simple raster-based model for
referring to census section surface area and €452 yr—* flood inundation simulation, J. Hydrol., 236, 54—77, 2000.
referring to building footprint. Considering the official per Begnudelli, L., Sanders, B., and Bradford, S.: Adaptive Godunov-
capita income for the city of Florence in 2010, that is Based Model for Flood Simulation, J. Hydraulic Eng., 134, 714~
16 610€ yr—1, and for the census’ 4081 inhabitants, it turns 725, 2008.

out that the flood risk in the St. Croce area amounts to abouBuchele, B., Kreibich, H., Kron, A., Thieken, A., lhringer, J.,

These values have been used to compare different contributions towards an enhanced assessment of extreme events

retrofitting measures; concluding that installing backflow ~2nd associated risks, Nat, Hazards Earth Syst. Sci., 6, 485-503,
valves and raising electrical devices could be cost effective doi:10.5184/nhess-6-485-200006.

. . L . Chen, A. S., Evans, B., Djordje¥i S., and Sa¥i, D.: A coarse-grid
bl_Jt a SUbStam_'al f!OOd risk mltlgatlon _COUId_ be Obta'_ned only approach to representing building blockage effects in 2-D urban
with the combination of public and private interventions. flood modeling, J. Hydrol., 426427, 1-16, 2012.

The hydraulic model enhancement may be attainedputta, D. and Herath, S.: Methodology for flood damage assessment
through an automatic standard for drawing storage cells, using GIS and distributed Hydrologic model, INCEDE, IIS, Uni-
while a better parameterized (vulnerability and exposure) es- versity of Tokyo, 1998.
timation for the damage model could return more reliableElmer, F., Hoymann, J., @hmann, D., Vorogushyn, S., and
results; the census section method can be further widened Kreibich, H.: Drivers of flood risk change in residen-

adding more damage categories and even non-monetizable tidl areas, Nat. Hazards Earth Syst. Sci., 12, 1641-1657,
classes such as cultural assets. doi:10.5194/nhess-12-1641-202D12.
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